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Abstract
& Key message In tree communities, tree size inequality reduces productivity and interacts with tree shade tolerance to
modulate stand productivity, with a higher productivity in stands where shade-intolerant species dominate shade-tolerant
species in size.
& Context Positive diversity–productivity relationships have been reported in different plant communities, including tree com-
munities. These effects may be strongly related to both structural diversity and functional diversity, but also to their interactions if
there is a non-random distribution of species functional characteristics among canopy layers.
& Aims We explore the relative effects on forest productivity of tree species diversity, tree size inequality, and species shade
tolerance diversity, as well as the effect of the distribution of tree shade tolerance in the canopy.
& Methods We used 11,054 mixed-species forest plots from the French Forest Inventory (IGN) distributed throughout France
(2006–2011). We analyzed the effects of species richness, shade tolerance diversity, and height inequality on forest plot produc-
tivity, represented by basal area annual increment over a period of 5 years, while controlling for first-order structure character-
istics (basal area and quadratic mean diameter) and environmental factors (soil water budget and sum of growing degree days).
Using the covariance between tree height and shade tolerance in mixed species canopies, we also explored the effect of the
distribution of species’ shade tolerance among canopy layers.
& Results The results showed a positive effect of species richness (effect size, 0.02) and a negative effect of height
inequality (− 0.05) on mixed-forest productivity. We also showed that a negative covariance between shade tolerance and
height (e.g., higher proportion of shade-tolerant species in lower height classes) increased productivity (0.01). Shade
tolerance diversity did not affect productivity.
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& Conclusion In tree communities, as shown previously in monospecific forest stands, tree size inequality reduces productivity.
This effect is modulated by the distribution of shade tolerance among canopy layers. Previous studies on species diversity effect
have generally overlooked the importance of the size structure and the size hierarchy of functional characteristics. These effects
are, however, crucial and deserve to be explored in greater detail.
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1 Introduction
In today’s context of global biodiversity loss, many authors
have studied the effect of species diversity on productivity, a
key ecosystem function (Farnsworth et al. 2017). Although
species diversity–productivity relationships have been shown
to take various forms in empirical studies (Huston 2000;
Forrester and Bauhus 2016; D ı́az and Cabido 2001;
Whittaker 2010), the dominant pattern seems to be a positive
effect in all types of plant communities, from grasslands
(Tilman et al. 2012; Cardinale et al. 2012; Grace et al. 2016)
to forests (Vilà et al. 2007; Piotto 2008; Paquette and Messier
2011; Zhang et al. 2012; Gamfeldt et al. 2013; Liang et al.
2016; Duffy et al. 2017). However, several recent studies
highlighted that using only species diversity (species richness
or other indexes integrating species’ relative abundance, e.g.,
the Shannon index) was not sufficient to assess the effect of
the complexity of the community on productivity (Morin et al.
2011; Zhang et al. 2012).
First, trait-based functional diversity indices can be better
predictors of productivity than species richness (Cadotte et al.
2011; Roscher et al. 2012) and may help bring to light the
mechanisms that underpin the positive influence of biodiver-
sity on productivity (Vilà et al. 2007; Cardinale et al. 2011;
Mason et al. 2012). Species complementarity in resource use
could be identified by a positive effect of the diversity of traits
related to resource use on productivity (Dı́az and Cabido
2001; Roscher et al. 2012). For instance, according to a
meta-analysis by Zhang et al. (2012), the diversity of light
use strategies in forests is positively related to its productivity.
However, few studies have analyzed these effects of function-
al diversity and there is no consensus on which traits or which
dimension of ecological strategies is the most determinant for
forest productivity.
Secondly, studies in forest ecosystems have recently ex-
plored how tree size diversity in the stand (hereafter referred
to as tree size inequality) mediate the effect of tree species
richness on productivity. For instance, using structural equa-
tion models, Zhang and Chen (2015) demonstrated that tree
species diversity increases stand aboveground biomass
through an increase of tree size inequality in Canadian boreal
forests. This result was corroborated by Morin et al. (2011) in
a long-term simulation study with 30 European tree species.
However, studies that explored the direct effect of tree size
inequality on stand productivity in multispecies forests show
more contrasted results. Some studies found an increase of
productivity when tree size inequality increased (Lei et al.
2009; Hardiman et al. 2011; Dănescu et al. 2016; Silva
Pedro et al. 2017; Zeller et al. 2018 for USA), while other
studies found neutral or even negative effects (Liang
et al.2007; Bohn and Huth 2017; Zeller et al. 2018 for
Germany) of tree size inequality, in line with results obtained
in monospecific stands (Ryan et al. 2010; Long and Shaw
2010; Cordonnier and Kunstler 2015; Soares et al. 2016;
Bourdier et al. 2016). For instance, Liang et al. (2007) showed
that basal area growth was negatively correlated with tree size
inequality in Douglas fir–western hemlock mixtures as well as
in mixed conifer forests.
These contrasting results reinforce the need for studies that
evaluate the combined effect of tree species diversity, tree size
inequality and tree functional diversity on stand productivity.
Several authors (Pretzsch 2005;Morin et al. 2011; Zhang et al.
2012; Forrester 2013) pointed out that one potential way of
reconciling these contrasting results is to explore whether or
not tree size inequality interacts with functional composition
(focusing on light use strategies) to control stand productivity.
As discussed by (Kelty et al. 1992), stands with shade-tolerant
species in the understory and shade-intolerant species in the
upper canopy should have higher productivity than stands
with the reverse structure. Several mechanisms related to the
complementarity of resource use by species have been sug-
gested to explain this potential effect: an increase in light
interception (Pretzsch and Schütze 2016), higher light use
efficiency (Kelty et al. 1992) and rapid mitigation of produc-
tivity losses by fast growth of more shade-tolerant species
from lower canopy strata (Pretzsch 2003; Morin et al. 2011).
Key in all these mechanisms is that shade-intolerant species
must dominate in size shade-tolerant species, in other words, a
negative covariance between shade tolerance and size should
optimize stand productivity. However, to date, this potential
effect of the covariance between size and shade tolerance on
productivity has not been explicitly tested on a large set of
species at a large scale.
Using 11,054 mixed-species plots from the French Forest
Inventory database covering a wide range of bioclimatic con-
ditions, we analyzed how stand productivity was influenced
by tree species diversity, as well as tree size inequality, species
shade tolerance diversity, and covariation between tree shade
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tolerance and size in the stand. More specifically, we tested if
(i) species richness increased productivity, (ii) size inequality
per se decreased productivity as in pure stands (e.g., Bourdier
et al. 2016), (iii) shade tolerance diversity influenced produc-
tivity, and finally, (iv) a negative covariance between shade
tolerance and size (shade-tolerant species preferentially in
lower size classes) increased stand productivity.
This article is based on Bourdier (2016).
2 Material and methods
2.1 Plot data
We used plots from the French Forest Inventory (IGN) data-
base (http://inventaire-forestier.ign.fr/spip/), which combine
dendrometric and ecological data. These plots cover a large
range of ecological conditions in France, and also cover
managed and unmanaged forests located in private and
public forests. Details on the IGN protocol can be found in
Vallet and Pérot (2011), Wernsdörfer et al. (2012) and
Bourdier et al. (2016, Appendix S1). It consists of a network
of temporary plots established on a grid of 1000 × 1000 m
over all France. Each year, 10% of the cells in this grid are
sampled. Based on an annual square subsample design, a plot
is randomly located in a square of 450 m around the center of
the cell each time a particular grid node falls within a forested
area. In each forest plot, dendrometric measurements are taken
in three nested concentric circular subplots of different radii,
based on circumference at breast height (C130). All trees with
C130 > 23.5 cm, > 70.5 cm, and > 117.5 cm are measured
within a radius of 6 m, 9 m, and 15 m, respectively. For each
measured tree, stem circumference, species, status (dead or
alive, including only tree that died less than 5 years ago ac-
cording to bark and small branches state), and radial increment
over 5 years are recorded. The 5 years radial increment is
determined from two cores taken at breast height. Among
other ecological data, soil properties are characterized using
a soil pit of up to 1 m depth located in the center of the plot.
One or two soil horizons are distinguished from the soil pit,
and depth, texture (based on eight classes) and coarse frag-
ment content are recorded for each horizon.
A total of 39,865 plots distributed throughout France
and inventoried once between 2006 and 2011 were avail-
able for this study. To limit perturbations and high hetero-
geneity in plots growth data, we excluded plots in coppice
stands, plots where a cut had been applied in the last
5 years, plots located on forest margins, plots with a sin-
gle tree (to avoid inflated values of the size inequality
index), plots in plantations, plots where climatic data or
growth data were not available. We also dropped 2708
plots including species with unknown shade tolerance in-
dices. Finally, we excluded 3360 plots composed of only
a single species because it is not relevant to explore the
effect of the covariance between tree size and shade tol-
erance in mono-specific stands. Given that the diameter
limit of 7.5 cm for tree measurement or the small area of
the plots (15-m radius) can constrain values of the size
inequality index (Gini index, see definition below) for low
or high values of the quadratic mean diameter, we re-
moved the plots corresponding to the upper and lower
5% percentile of the size inequality index and the quadrat-
ic mean diameter (2876 plots). We also removed 137 plots
where species richness was greater than six species be-
cause we had too few observations for these levels of
diversity. The final data set resulted in 11,054 plots.
For each plot, we estimated plot productivity as the basal
area annual increment on the plot. The plot basal area is de-
fined as the sum of individual tree basal areas, i.e. the cross
section of their trunks at breast height (1.30 m). The mean
basal area annual increment of each plot was calculated using
the following equation adapted from Vallet and Pérot (2011):
BAI ¼ ΔBA
Δt
¼ 1
5
∑i
10−4
4π
c2130;i− c130;i−2π ir5;i
 2 wi ð1Þ
with:
– ΔBA (m2 ha−1): plot basal area increment over 5 years;
– Δt (years): 5-year growth period;
– c130, i (cm): girth of tree i at breast height (1.30 m);
– ir5, i(cm): radial increment over 5 years of tree i observed
on an increment core;
– wi (trees.ha
−1): weight of tree i for plot density estimation
(taking into account subplot size and border effects).
Since 2009, only species and circumference have been
measured on a number of trees called Bsimplified trees^ to
reduce field work for IGN teams. To estimate the radial incre-
ment of these trees (7.86% of trees in our data set), we used the
average growth rate of the measured individual of the same
species and same size class in a given plot (Appendix S1 in
Bourdier et al. 2016). To estimate tree height of simplified
tree, we fitted allometric functions between diameter at breast
height and height for each species using the Gompertz equa-
tion and non-linear mixed models including species as a ran-
dom effect in all parameters (Appendix 1).
To account for climatic variations across the sampling area,
we calculated two variables that are known to influence
growth (Kunstler et al. 2011): the sum of growing degree days
(the sum of daily temperatures exceeding 5.56 °C, SGDD) and
the annual soil water budget (WB) based on climatic and soil
data.We used estimates of temperature, precipitation and solar
radiation modeled and mapped throughout France by Piedallu
et al. (Piedallu and Gégout 2008; Bertrand et al. 2011; Piedallu
et al. 2013). We calculated the WB using the maximum soil
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water capacity estimated for each IGN plot using data (hori-
zon textures, soil depth, coarse fragment content) from a soil
pit (Piedallu et al. 2011), potential evapotranspiration (Turc
1961) and precipitation using the Bugmann and Cramer mod-
el (Bugmann and Cramer 1998).
2.2 Quantifying tree size inequality: the Gini
coefficient index
Among indices used to characterize tree size inequality,
the Gini coefficient index has been proven to have a
greater discriminant ability of the stand structure and a
lower sensitivity to sample size (Lexerød and Eid 2006;
Valbuena et al. 2012). First developed in economics, it is
now increasingly used in ecology to define tree size in-
equality (Klopcic and Boncina 2011; Valbuena et al.
2012; Cordonnier and Kunstler 2015; Pretzsch and
Schütze 2016). Several authors (Lexerød and Eid 2006;
Valbuena et al. 2012) suggested using this index instead
of the classic Shannon index or other indices related to
size distribution (e.g., coefficient of variation) that were
used in the past (e.g., Liang et al. 2007; O’Hara et al.
2007; Gadow et al. 2012). Equations to compute the
Gini index are available in Damgaard and Weiner (2000)
and Duduman (2011). The Gini coefficient index ranges
from 0 (perfect equality, where all values are the same) to
1 (maximum theoretical inequality). In our study, we ap-
plied the Gini index to individual tree heights (height
inequality) as our objective was to characterize the hier-
archy of trees within the canopy.
2.3 Shade tolerance diversity and species diversity
To account for shade tolerance in this study, we used
Niinemets and Valladares’ index of tree species shade toler-
ance (Niinemets and Valladares 2006) ranging from 1 (very
intolerant) to 5 (very tolerant). We used two different metrics
to characterize shade tolerance at the plot scale using basal
area to account for species abundance: (i) the shade tolerance
diversity using the FDis index (Laliberté and Legendre 2010)
and (ii) the covariance between tree height and shade toler-
ance. The last index represents the size hierarchy between
individual trees of varying shade tolerance: a positive value
means that trees of shade-tolerant species are dominant in size,
whereas a negative value means the reverse. The latter case
was more common (72% of the plots) in our data set, as could
be expected. The FDis index corresponds to the mean distance
of individual species shade tolerance to the mean shade toler-
ance of all species in the plot weighted by their respective
basal areas. To characterize tree species diversity, we used
the tree species richness of each plot.
2.4 Plot productivity analysis
To analyze the effect of species richness, shade tolerance,
and size inequality on plot productivity all things being
equal, we took into account potential confounding effects
caused by the variability of first-order plot structure char-
acteristics and environmental conditions in our data set.
To this end, we developed a model relating plot produc-
tivity (basal area increment BAI) to two major stand
structural attributes and two environmental variables. We
selected the total basal area (BA) to quantify growing
stock, the mean plot quadratic diameter (QMD) to quan-
tify development stage, and SGDD and WB as key envi-
ronmental variables. To test our hypotheses, we also in-
cluded species richness (R) in the model, height inequality
based on the Gini coefficient index (GINI), shade toler-
ance diversity based on the FDis index (FDIS), and finally
the covariance between tree height and shade tolerance
(COV) to characterize the distribution of shade tolerance
among size classes.
Previous studies have shown that the multiplicative model
for the growth model (Bourdier et al. 2016) and the exponen-
tial model for the diversity effect (Cardinale et al. 2007) pro-
vided a good fit. Stand productivity was thus modeled as
follows:
BAI ¼ a0 BAa1ea2BAea3QMD
 
eb1Rþb2FDISþb3GINIþb4COV
 
ð2Þ
where a0 is a linear combination of site effect and species
composition such as:
a0 ¼ e α0þα1WBþα2SGDDð Þþ β1SP1þβ2SP2þ…þβnSPnð Þ ð3Þ
where the first term represents the abiotic component that
includes our two variables WB and SGDD based on cli-
matic and soil data. The second term represents the spe-
cies composition component where SPs are the proportion
of each species on a plot. The species of frequency lower
than 5% were grouped into shade-tolerant angiosperms,
shade-intolerant angiosperms, shade-tolerant gymno-
sperms and shade-intolerant gymnosperms (the cutoff be-
tween shade-tolerance groups was defined as the median
shade tolerance of the species pool). The species compo-
sition component in eq. (3) allowed us to account for
species identity effects on productivity. The first term in
eq. (2) represents the stand structure effect with basal area
non-linear effects influencing productivity through both
stocking and competition (Assmann 1970; we expect
parameter a2 to be negative). QMD effect is also included
as it is considered an important factor for forest produc-
tivity (Vallet and Pérot 2011; Zeller et al. 2018).
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2.5 Statistical analysis
Based on IGN data, a linear regression was performed
using the log-transformed version of the model (2). The
log transformation of growth data has been applied in
many studies (Appendix S2 in Bourdier et al. 2016) due
to the classic log-normal distribution of basal area incre-
ments and is well suited for a multiplicative error struc-
ture. We assessed normality and heteroscedasticity visual-
ly using normal Q-Q plots and plots of residuals vs. pre-
dicted values (Figs. 5 and 6 in Appendix 2). Before
performing linear regressions, we centered and standard-
ized all independent variables related to climate, structure
and diversity to facilitate the comparison of their effects
on productivity. Based on Spearman correlation coeffi-
cients, we did not found any linear correlation above
0.31 between independent variables (except between basal
area and its logarithm; Fig. 4 in Appendix 2). We con-
ducted all statistical analyses using the R open-source
software (Version 3.4, R Core Team). We used the func-
tions lm, confint, and drop1 to perform the regression,
compute confidence intervals and determine log-
likelihood ratio test of each factor.
3 Results
As expected, the three strongest effects on productivity
were a positive effect of log basal area (LOG_BA: 0.39)
and a negative effect of basal area (BA: − 0.06) reflecting
a non-linear convex relationship between stand stocking
and stand productivity, and a negative effect of the mean
quadratic diameter (QMD: − 0.18), which represents a de-
velopment stage effect (Table 1 and Fig. 7 in Appendix
2). Species richness had a positive effect on productivity
(R: 0.02; Fig. 1), whereas height inequality had a negative
effect of higher magnitude (GINI: − 0.05). The covariance
between height and shade tolerance had a significant neg-
ative effect on productivity (COV: − 0.01, p value: 0.024),
showing that productivity decreases when tolerant species
are dominant in height. Both environment variables had a
positive effect on stand productivity, but the water budget
had a much stronger impact (WB: 0.10) than the sum of
growing degree days (SGDD: 0.02). Shade tolerance di-
versity showed no significant effect (FDIS, p value =
0.17).
An increase of species richness from two to six species
(minimum and maximum richness in the data set) resulted in
a 7.8% increase in productivity (Fig. 8 in Appendix 2). Height
inequality influenced productivity with a higher effect size: an
increase in height inequality from a Gini of 0.04 to 0.25
(quantiles 0.01 and 0.99) corresponded to an 18.9% decrease
in productivity. The increase in covariance between height and
shade tolerance from a negative (− 4.8) to a positive value
(2.6) (quantiles 0.01 and 0.99) resulted in a 5.5% decrease in
productivity.
4 Discussion
4.1 A strong effect of stand characteristics and climate
The two strongest effects in our study were attributed to
stand variables related to stocking and stand development
(basal area and mean quadratic diameter). This is in ac-
cordance with studies on large inventory data sets show-
ing that stand basal area had a stronger effect on produc-
tivity than species richness (Paquette and Messier 2011;
Vilà et al. 2013). Our model predicts a non-linear convex
relationship between basal area and stand productivity, a
pattern that has been reported in other studies and might
reflect a balance between stocking and competition effects
(Assmann 1970; Paquette and Messier 2011). The effect
of stand development (here represented by the stand qua-
dratic mean diameter QMD) on productivity was negative,
which might be related to ontogenetic growth effects
(Vallet and Pérot 2011). In line with recent studies (e.g.,
***
***
***
NS
***
*
WB
SGDD
R
FDIS
GINI
COV
−0.10 −0.05 0.00 0.05 0.10
estimated regression coefficients
Fig. 1 Estimated linear regression coefficients of centered and
standardized independent variables in the log-transformed version of
model (2). The effects of LOG_BA (log of basal area), BA (basal area)
and QMD (quadratic mean diameter) are not displayed in the figure for
better visualization of the other variables’ effects. The results are available
in Appendix 2 for all variables (Table 1 and Fig. 7). Levels of significance
are indicated on the graph based on a log-likelihood ratio test: (NS) p
value > 0.05, (*) < 0.05, (**) < 0.01, (***) < 0.001. Error bars indicate the
95% confidence interval of estimated coefficients. COV: covariance
between height and shade tolerance, GINI: height inequality, FDIS:
shade tolerance diversity, R: species richness, WB: annual soil water
budget, SGDD: sum of daily temperatures exceeding 5.56 °C
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Zeller et al. 2018), our results underline the need to take
into account these effects as a prerequisite for studies
exploring the effect of more complex variables such as
species diversity or tree size inequality. They also chal-
lenge the results obtained in studies that did not explicitly
control for the stand development stage. Water budget
was the stronger climatic predictor of stand productivity,
which is coherent with previous studies using the same
kind of data (Kunstler et al. 2009; Bourdier et al. 2016).
4.2 Species richness effect
This study confirmed the significant effect of species rich-
ness on productivity in agreement with previous studies
(Paquette and Messier 2011; Morin et al. 2011; Zhang
et al. 2012; Gamfeldt et al. 2013; Liang et al. 2016). In
Swedish boreal forest ecosystems, Gamfeldt et al. (2013)
found a considerable 50% increase of biomass production
between pure plots and plots composed of five species.
Two different recent analyses comparing monocultures to
mixtures showed that mixed species stands were on aver-
age 24% more productive than the mean monocultures of
the same species (Zhang et al. 2012; Vilà et al. 2013). Our
results indicate a 8% increase, which is lower but still
quite strong given that our study did not include mono-
cultures and analyzed a limited range of two to six spe-
cies. Previous studies reported a linear or exponential in-
crease of productivity as species richness increased
(Zhang et al. 2012; Gamfeldt et al. 2013; Vilà et al.
2013), up to six species where a plateau has generally
been observed (Zhang et al. 2012), which agrees with
our results.
4.3 Size inequality effect
Our results showed a significant negative effect of size
inequality on productivity after controlling species diver-
sity, stocking and stand development stage effects, which
is in agreement with the results obtained by several au-
thors in pure stands, through experimental, observational
or more theoretical studies (Ryan et al. 2010; Caspersen
et al. 2011; Cordonnier and Kunstler 2015; Soares et al.
2016; Bourdier et al. 2016). For instance, the negative
effect of structural diversity can be as much as a 14%
growth reduction in a young eucalyptus plantation (Ryan
et al. 2010). In an analysis of pure stands, Bourdier et al.
(2016) found a mean growth reduction of 7% across spe-
cies (Gini index applied to tree basal areas) compared
with the 18% in this study (Gini index applied to tree
heights). In pure stands, a potential explanation for this
negative effect of size inequality on productivity is that
the benefit gained by dominant trees because of increased
light interception is lower than the cost of reduced light
interception for dominated trees (Ryan et al. 2010;
Binkley et al. 2010). Bourdier et al. (2016) illustrated this
mechanism by showing with a forest simulation model
that size inequality in pure stands had a negative effect
on both stand light interception efficiency and stand light
use efficiency. In mixed species forest, several studies
have also found a negative effect of size inequality on
growth, either using modeling approaches (Liang et al.
2005; Caspersen et al. 2011; Bohn and Huth 2017) or
observations in different forest types (Liang et al. 2007;
Zeller et al. 2018 for Germany). Several authors suggested
that this effect could differ according to forest types
(Liang et al. 2007; Forrester and Bauhus 2016).
Other studies found positive relationships between size
diversity and productivity (Lei et al. 2009; Dănescu et al.
2016; Silva Pedro et al. 2017). These contradictions be-
tween studies might in part be explained by methodologi-
cal differences. First, different abiotic and biotic variables
were controlled in these studies, which impedes
comparisons. Second, the type of forest studied and
species identity might also explain these differences as
exemplified by the contrasted results obtained by Zeller
et al. (2018) between Germany and USA. Third, the use
of different plot sizes and different size diversity indices
can also influence results on the size inequality-
productivity relationship (Dănescu et al. 2016; Bohn and
Huth 2017). In a review of the processes driving diversity–
productivity relationships, Forrester and Bauhus (2016)
proposed that the effect of structural diversity might de-
pend on the limiting resource: the effect would be benefi-
cial for processes related to light but detrimental in stands
where the limiting resource is not directly related to stand
structure such as nutrient cycling. Overall, these findings
indicate that more research is needed to study the relation-
ship between structural diversity and productivity on vary-
ing contexts and forest types, exploring size inequality as
well as other components of structural diversity such as the
spatial arrangement of trees.
4.4 Shade tolerance diversity effect
Several authors considered the effect of shade tolerance
diversity on productivity. For instance, Zhang et al.
(2012) demonstrated that contrasting life-history traits
greatly influenced productivity and that shade-tolerance
variations within a community were responsible for most
of this effect compared to other traits (i.e. N-fixation and
growth habitat). Higher shade tolerance diversity was also
proposed as a potential explanation for a positive species
diversity effect on production in a long-term simulation
study (Morin et al. 2011), but the mechanism proposed in
that case is probably more closely related to regeneration
than growth: advanced regeneration of shade-tolerant
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species prevented gaps from occurring in monospecific
stands of shade-intolerant species. In contradiction with
these findings, the shade tolerance diversity did not im-
pact productivity in our study. Several hypotheses can be
proposed to explain this lack of effect. First, we controlled
the species identify effect in our model, whereas this was
not always done in other studies. Second, the shade toler-
ance values we used were extracted from a global data-
base (Niinemets and Valladares 2006); hence they might
not be adapted to a local study.
4.5 Covariance between size and shade tolerance
Here we showed that integrating the distribution of traits
and the distribution of sizes within a stand is crucial for a
better understanding of diversity–productivity relation-
ships. The magnitude of the effect of covariance between
size inequality and shade tolerance was comparable to the
positive effect of species richness. This result is in line
with previous hypotheses (Kelty et al. 1992; Scherer-
Lorenzen et al. 2005) that proposed that the combination
of shade-tolerant species in the understory with shade-
intolerant species in the canopy could increase the global
productivity of a forest stand. In a study disentangling
size-symmetric and size-asymmetric competition, del Río
et al. (2014) found evidence of complementarity effects in
a two-species mixture, and in the few pairs of species
analyzed this effect seems stronger for mixtures where a
shade-intolerant species dominated a shade-tolerant spe-
cies in size, in agreement with our results. This results
could be explained by the fact that shade-intolerant spe-
cies usually present low light interception efficiency asso-
ciated with high light use efficiency, whereas shade-
tolerant species usually present high light interception ef-
ficiency associated with low light use efficiency (Messier
et al. 1998; Lusk et al. 2008; Jucker et al. 2014). In our
case, it means that when shade-intolerant species are in
the upper strata and shade-tolerant species are in the lower
strata, both are able to grow well.
5 Conclusion
Our study reinforced the consensus for a positive rela-
tionship between tree species richness and productivity.
It also made a significant contribution to the growing
debate on the effect of tree size inequality on produc-
tivity by demonstrating the importance of the hierarchy
of shade tolerance among tree sizes. Our results have
major implications for studies dealing with productivity–
biodiversity relationships because they show that other
factors than species richness (e.g., size inequality; co-
variance between shade tolerance and size) can
influence productivity with the same order of magni-
tude. These results could indicate that failing to account
for these effects can lead to biasing the estimate of the
species diversity effect. Future studies on the effect of
species diversity on productivity in forests need to ex-
plore how the size hierarchy of shade tolerance or other
functional characteristics controls productivity and ex-
plore the mechanism underpinning this effect in greater
detail.
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Appendix 1 - Estimation of tree height
for simplified trees
Introduction
This appendix describes the estimation of tree height for
simplified tree in the French Forest Inventory. The
French Forest Inventory (see IGN website) data reports
the height for a sample of the trees in each plot, while
height is not measured for the remaining trees
(s impl i f ied t rees) . We used this data to f i t a
hierarchical allometric model of tree height in function
of diameter at breast height (dbh) where species was
included as a random effect in the parameters. This
allows estimating allometric tree height for species with
few observations.
Allometric model estimation
We selected all species with more than 20 height measure-
ments to estimate the model and for the remaining species
we applied an average model. Then we fitted a hierarchi-
cal allometric model using JAGS (Plummer 2003) based
on the equation of Caspersen et al. (2011):
Hi;s ¼ 1:3þ Bs−1:3ð Þ 1−e
−As
Bs−1:3Di;sð Þ
 
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where Hi, s and Di, s are respectively the height and dbh of
individual i of species s and As and Bs are random species
parameters drawn in normal distributions. The model al-
lows predicting a height of 1.3 m for a dbh of zero. The
JAGS code used is given below. We fitted the model
using jagsJAGS with non-informative priors and checked
the convergence with the Gelman-Rubin convergence di-
agnostic R^ computed on three chains (R^ < 1:1 ) (Fig. 2).
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0
10
20
30
Allometric model
dbh (cm)
he
ig
ht
(m
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Quercus robur
Fagus sylvatica
Pinus sylvestris
Abies alba
Fig. 2 Example of height vs. dbh
allometric models fitted for four
species. Models were fitted with
the eq. 1 and a random species
effect
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R and JAGS code
###############################################################
# Fit Canham allometric model MODEL modified by Caspersen et al.
2011 in JAGS
## load library
library(R2jags)
## DATA to fit allometric models
##
## data is the data.frame with only raws with non NA for height
## with the following variables
## data$htot height in m
## data$dbh dbh in cm
## data$espar species code
### JAGS script
ALLO.MODEL <-
"#########################################################
############ allometric model with JAGS #################
model {
############ Likelihood ###################
for (i in 1:N.indiv) {
htot[i] ~ dnorm(theo.htot[i],tau)
theo.htot[i] <-
1.3 +  (B1[species[i]] - 1.3)*(1 - exp(-
B2[species[i]]/(B1[species[i]] - 1.3)*dbh[i]))
}
########### Hierarchical parameters ########
for (n in 1:NSP)
{
B1[n]~dnorm(muBB[1],pow(sigma.b1,-2))
B2[n]~dnorm(muBB[2],pow(sigma.b2,-2))
}
########### Non-hierarchical parameters ########
tau~ dgamma(0.001,0.001)
sigma.b1 ~ dunif(0.001,3)
sigma.b2 ~ dunif(0.001,0.2)
muBB[2] ~ dnorm(muBB0[2], 1)T(0.1,4)
muBB[1] ~ dnorm(muBB0[1], 0.2E-1)T(1.3,)
} # End of the jags model
"
cat(ALLO.MODEL , file = "ALLO.MODEL", sep=" ",
fill = FALSE, labels = NULL, append = FALSE)
######################################
####### Format data for JAGS #########
muBB0 <- c(35,1.3) # mean of informative prior
htot <- (data$htot)
dbh <- (data$c13/dbh)
species <- unclass(factor(data$espar))
NSP <- length(unique(species))
N.indiv <- length(htot)
jags.data<-list("htot","dbh","N.indiv","NSP","muBB0","species")
########################################################
#### INITIAL VALUES
jags.inits <- function(){
list("muBB"=c(runif(1,min=20,max=40),runif(1,min=0.5,max=2)))
}
### SEND to jags
## parallel version
ALLO.C <- jags.parallel(data=jags.data,
inits=jags.inits, # We precise data and starting 
values
model.file = "ALLO.MODEL", # Model file name
parameters.to.save = c("B1","B2","muBB",
"tau","sigma.b1","sigma.b2"),
n.chains = 3,n.cluster=3, # Number of chains
n.iter = 3000,n.burnin=500,n.thin=3)
## check convergence
(ALLO.C$BUGSoutput$summary)[(ALLO.C$BUGSoutput$summary[,8])>1.1,8]
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Appendix 2 - Results of the linear model
relating basal area increment to stand
and environmental characteristics
Introduction
This appendix provides the distributions of independent vari-
ables, the correlations between independent variables and the
results of the linear regression analysis for the log-transformed
version of model (2). It also provides the figures to evaluate the
model fit and underlying assumptions (standardized residuals vs.
predicted values, observed vs. predicted values, QQ-plot) and the
effects of variables related to diversity (height, shade tolerance,
species) and environment on the stand basal area increment.
The model
The log-transformed version of the model (2) is the following:
log BAIð Þ ¼ log β0ð Þ þ α1WBþ α2SGDDþ a1log BAð Þ þ a2BA
þ a3QMDþ b1Rþ b2FDISþ b3GINIþ b4COVþ ε
with.
BAI Basal area increment (m2 ha−1 year−1)
WB Annual soil water budget (mm)
SGDD Sum of daily temperatures exceeding 5.56 °C (°C)
BA Basal area (m2 ha−1)
QMD Quadratic mean diameter (m)
R Species richness (−)
FDIS Shade tolerance diversity (−)
GINI Height inequality (−)
COV Covariance between height and shade tolerance (m)
ε normal error
We have log(β0) = β1SP1 + β2SP2 +… + β20SP20 with SPi
the proportion of the species (or species group) i.
Fig. 3 Distributions of independent variables. WB: annual soil water
budget, SGDD: sum of daily temperatures exceeding 5.56 °C, LOG_
BA: log of basal area, BA: basal area, QMD: quadratic mean diameter,
R: species richness, FDIS: shade tolerance diversity, GINI: height
inequality, COV: covariance between height and shade tolerance
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Fig. 4 Pearson correlation
coefficients between independent
variables. WB: annual soil water
budget, SGDD: sum of daily
temperatures exceeding 5.56 °C,
LOG_BA: log of basal area, BA:
basal area, QMD: quadratic mean
diameter, R: species richness,
FDIS: shade tolerance diversity,
GINI: height inequality, COV:
covariance between height and
shade tolerance
Table 1 Summary of results
obtained for the linear model
using the lm function in R (3.4);
p values are based on log-
likelihood ratio tests using the
drop1 function. Independent
variables related to climate,
structure and diversity were
centred and standardized before
the regression analysis. WB:
annual soil water budget, SGDD:
sum of daily temperatures
exceeding 5.56 °C, LOG_BA: log
of basal area, BA: basal area,
QMD: quadratic mean diameter,
R: species richness, FDIS: shade
tolerance diversity, GINI: height
inequality, COV: covariance
between height and shade
tolerance
Factor Estimate Std. error p value 2.5% 97.5%
Quercus robur L. − 0.713 0.015 < 0.001 −0.743 − 0.683
Quercus petraea (Matt.) Liebl. − 0.820 0.014 < 0.001 − 0.847 − 0.793
Quercus pubescens Willd. − 1.232 0.021 < 0.001 − 1.273 − 1.192
Fagus sylvatica L. − 0.672 0.017 < 0.001 − 0.706 − 0.638
Castanea sativaMill. − 0.403 0.023 < 0.001 − 0.449 − 0.358
Carpinus betulus L. − 0.705 0.021 < 0.001 − 0.746 − 0.664
Betula pendula Roth − 0.343 0.035 < 0.001 − 0.411 − 0.275
Acer pseudoplatanus L. − 0.133 0.052 0.011 − 0.235 − 0.031
Fraxinus excelsior L. − 0.475 0.029 < 0.001 − 0.532 − 0.418
Acer campestre L. − 0.689 0.060 < 0.001 − 0.807 − 0.571
Prunus avium (L.) L. − 0.287 0.069 < 0.001 − 0.422 − 0.152
Populus tremuloides Michx. − 0.186 0.049 < 0.001 − 0.282 − 0.089
Corylus avellana L. − 0.611 0.085 < 0.001 − 0.777 − 0.444
Pinus sylvestris L. − 0.807 0.017 < 0.001 − 0.839 − 0.774
Abies alba Mill. − 0.106 0.025 < 0.001 − 0.156 − 0.057
Picea abies (L.) H.Karst. − 0.165 0.033 < 0.001 − 0.230 − 0.099
Gymnosperm tolerant 0.313 0.135 0.020 0.049 0.576
Gymnosperm intolerant − 0.779 0.025 < 0.001 − 0.828 − 0.730
Angiosperm tolerant − 0.827 0.026 < 0.001 − 0.877 − 0.777
Angiosperm intolerant − 0.375 0.033 < 0.001 − 0.441 − 0.309
WB 0.096 0.004 < 0.001 0.088 0.104
SGDD 0.019 0.005 < 0.001 0.010 0.029
LOG_BA 0.392 0.011 < 0.001 0.371 0.413
BA − 0.063 0.011 < 0.001 − 0.084 − 0.042
QMD − 0.177 0.004 < 0.001 − 0.186 − 0.169
R 0.020 0.004 < 0.001 0.012 0.029
FDIS − 0.006 0.004 0.170 − 0.015 0.003
GINI − 0.050 0.004 < 0.001 − 0.058 − 0.042
COV − 0.010 0.004 0.024 − 0.019 − 0.001
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Fig. 5 Plot of observed standardized residuals vs. fitted values and QQ-plot of standardized residuals. The red line represents a gam regression with its
confident interval; dotted lines indicate 0, 1.96, and − 1.96 values of residuals; the blue lines represent quantiles regressions (quantiles 0.05 and 0.95)
Fig. 6 Observed values vs.
predicted values. The solid line
represents the 1/1 linear
relationship
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LOG_BA
BA
QMD
−0.2 −0.1 0.0 0.1 0.2 0.3 0.4
estimated regression coefficients
Fig. 7 Estimated regression
coefficients for centered and
standardized BA (basal area),
LOG_BA (log of basal area) and
QMD (quadratic mean diameter).
Levels of significance are
indicated on the graph based on a
log-likelihood ratio test: (NS) p
value > 0.05, (*) < 0.05, (**) <
0.01, (***) < 0.001. Error bars
indicate the 95% confidence
interval of estimated coefficients
Fig. 8 Percentage of variation of
BAI when independent variable
varies from their quantile 0.01 to
their quantile 0.99 (numbers
above or below bars). Only
significant variables related to
diversity (height, shade tolerance,
species) and environment are
shown. COV: covariance between
height and shade tolerance, GINI:
height inequality, R: species
richness, SGDD: sum of daily
temperatures exceeding 5.56 °C,
WB: annual soil water budget
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